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Many landowners in the southeastern United States have invested in southern yellow pine
plantations and managed them using traditional management schemes. However, non-industrial
private forest landowners often have goals and challenges that make traditional management less
desirable or possible. This thesis contains two projects that offer potential solutions for these
landowners. The first project is a management option for landowners with small parcels that
wish to manage pine plantations and proposes low-density management paired with crown lifting
for the production of saw logs without commercial thinning entries. The second proposes a
method for incorporating mixed-species management into already existing plantations. This
increases biodiversity and could be more ecologically stable than single-species plantations.
These options present opportunities for non-industrial private forest landowners who do not fit
into the traditional management framework due to differences in management goals or economic
constraints on management.
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CHAPTER I
LITERATURE REVIEW
1.1

Non-Industrial Private Forest Landowners
According to a 2019 report on forest resources, 36% of the United States’ land base is

covered by forests and woodlands, with forests covering roughly 766 million acres (Oswalt et al.,
2019). Of these 766 million acres, 60% is owned by private entities, with 39% being family
forests or non-industrial private forests (NIPF) (Butler et al., 2021). In the southern region of the
country, the vast majority of forestland is held by private landowners (Oswalt and Smith, 2014).
The 2018 National Woodland Owner Survey found that in the southeast alone, there are over 140
million acres and around 1.7 million landowners when considering NIPF ten acres in size and
larger (Butler et al., 2021). Within Mississippi there are around 370,000 NIPF landowners with
over 15 million acres in land holdings (USDA Forest Service, 2018). These landowners
experience a wide range of socio-economic conditions, and as such have a wide range of goals
and desired forest conditions.
A unique challenge when working with NIPF landowners is the high rate of property
fragmentation and small parcel sizes. Across the United States, more than 60% of NIPF
landowners are in the one-to-nine-acre size group, with the majority of NIPF parcels being less
than 100 acres in size (Butler et al., 2021). Urbanization, inheritance, and land sales have all led
to increased parcelization, which is defined as “the tendency for large forest holdings with a
single owner to divide into smaller forest holdings with multiple owners”; this decrease in parcel
1

size has increased the difficulty of implementing silvicultural practices and led to further forest
fragmentation (Hatcher et al., 2013). While private landowners have been experiencing further
parcelization, logging operations have become increasingly mechanized and costly (Cubbage and
Greene 1989). This means that for parcels smaller than 40 acres, harvesting costs could be a
limiting factor for landowners (Cubbage 1982). Another challenge for NIPF landowners is low
stumpage prices, especially for smaller diameter products produced during early harvest entries.
In Mississippi, pine pulpwood and pine chip-n-saw prices have had an overall downward trend
with the occasional upward fluctuation (Mississippi State University Extension, 2022). This
trend is related to the overabundance of small size softwood products, which, regardless of
demand for these products, keeps stumpage values suppressed (Coblentz, 2021). The
combination of small parcel size, high harvest and management costs, and low return on
investment for small softwood products can prevent or discourage landowners from
implementing mid-rotation silvicultural activities.
For simplicity, early research into NIPF landowners treated them as a largely uniform
group, ignoring many of their behaviors and motivations (Kaetzel et al., 2012). Instead, there
was a focus on the generally low management intensity observed on these properties and the
impact of this low intensity management on commercial outputs (Arano and Munn, 2006; Zhang
et al., 2005). There has now been extensive research into the goals of NIPF landowners,
including a survey implemented by the USDA Forest Service called the National Woodland
Owner Survey (Butler et al., 2016). These surveys examine ownership trends at the national,
regional, and state levels. It was reported that nationally, consumptive land uses were the least
common landowner goals, with multiple-use ownership being the second most common
ownership goal (Butler et al., 2016; Kaetzel et al., 2012). However, in the south-central region,
2

which contains Mississippi, the plurality of NIPF landowners have multiple-use land
management goals, with consumptive uses being the second most common landowner goal
(Kaetzel et al., 2012). These trends were still visible in the latest National Woodland Owner
Survey, which also indicated that most management activities are focused on recreation and
personal use (Butler et al., 2021). Since these landowners are less likely to hire consulting
foresters and have management plans for their forests, it is key that future work with NIPF
landowners is better tailored to their diverse goals and circumstances (Butler et al., 2021; Chhetri
et al., 2018).
1.2

Traditional Loblolly Pine Management
Traditionally, loblolly pine (Pinus taeda L.) has been managed in single-species

plantations, with a wide variety of rotation ages, site preparation, and mid-rotation management
depending on the market and landowner goals. Timber production in many southern states has
shifted towards the use of plantations, particularly pine plantations, for the majority of fiber
production (Yin and Sedjo, 2001). With this increased reliance on plantations, their management
has become increasingly intensive, particularly on industrial landholdings (Stanturf et al., 2003;
Yin and Sedjo, 2001). In the 1930s, seedling production on a large scale led to the establishment
of loblolly pine plantations across many areas, and the amount of natural regeneration in pines
has decreased steadily while artificial regeneration has increased (Schultz, 1999). Tree genetic
improvement programs led to selective tree breeding, and when paired with improvements in site
preparation and herbaceous competition control, led to increased plantation establishment
success, and gains in volume production (Stanturf et al., 2003). Intensive management has
allowed for shortened rotation lengths, with the average pulpwood rotation decreasing from 25
years to 15 years and small size sawlog rotations declining to approximately 30 years (Fox et al.,
3

2004; Moorhead et al., 2010). Rotation length and the inclusion of management activities is
generally driven by economics, which weights the opportunity cost of the investments required
in intensive management compared to the harvest returns through time (Ashton and Kelty, 2018;
Huang and Kronrad, 2004; Siry et al., 1999).
Stand density is of utmost concern in pine plantations and is one of the primary
considerations when implementing silviculture activities. High density in plantations can lead to
rapid occupation of growing space, density-induced mortality, and even increased susceptibility
to pests (Ashton and Kelty, 2018; Asaro et al., 2017; Carlson et al., 2009; Punches, 2004).
Density does not impact height and height growth except for in extreme cases (Ashton and Kelty,
2018; Zhao et al., 2011; Carlson et al., 2009). In stands of high density, crowns can become
relatively small compared to stands of lower density, leading to a stagnation in height growth
(Ashton and Kelty, 2018; General et al., 2013). Diameter growth tends to decline with increasing
stand density (Ashton and Kelty, 2018; Zhao et al., 2011; Carlson et al., 2009; Will et al., 2005;
Baldwin et al., 2000; Dean and Baldwin, 1996).
Stand density can be manipulated after establishment through thinning operations
(Ashton and Kelty, 2018). Thinning allows residual crop trees to capture growing space from
less productive competitors (Newton, 2009; Helms, 1998). Thinning in southern pine plantations
is often done using a combination of geometric (row) and free thinning or select thinning
techniques (Ashton and Kelty, 2018; Dickens and Moorhead, 2015). In pre-commercial thins,
strips or rows are cut into the stand to increase the growing space of residual trees and reduce
stand density to desired levels when trees are still too small to be commercially marketable
(Ashton and Kelty, 2018; Grano, 1969). In loblolly pine, commercial thinning is first carried out
by removing entire rows of trees to make space for remaining trees and equipment movement,
4

and then selecting trees of lower quality or vigor removed from the remaining rows (Dickens and
Moorhead, 2015). Subsequent thinning operations may occur and typically consist of selection or
free thinning operations that remove poor quality trees until a basal area or tree per acre target is
met (Ashton and Kelty, 2018; Dickens and Moorhead, 2015). Commercial thinning, depending
upon the size of merchantable trees, can yield varying amounts of revenue throughout the stand
rotation while still maintaining the benefits associated with low stand density (Ashton and Kelty,
2018; Dickens and Moorhead, 2015; Burton and Shoulders, 1974). Stand density can also be
manipulated through low-density planting at stand establishment (Akers et al., 2013; Zhao et al.,
2012; Carlson et al., 2009). While planting at lower densities can eliminate or reduce the number
of thins needed in a rotation, decreased density leads to a decline in self-pruning and loss of log
quality as a result of increased knots, higher proportions of juvenile wood, lower modulus of
elasticity (MOE) and modulus of rupture (MOR), and lower specific gravity (Amateis and
Burkhart, 2013; Clark et al., 2008; Roth et al., 2007; Biblis et al., 1995; Clark et al., 1994). Thus,
relatively high planting density is commonly used to encourage self-pruning or manual pruning
is necessary to prevent a decline in log quality.
Pruning, also referred to as crown lifting, is used in intensively managed pine plantations
to allow for the rapid development of “clear”, or knot-free, wood without relying on the slower
process of natural pruning (Ashton and Kelty, 2018; Amateis and Burkhart, 2011; Huang and
Kronrad, 2004). Where thinning reallocates growing space within a stand to more valuable trees,
pruning can shift resource allocation to more valuable portions of the tree (Ashton and Kelty,
2018; General et al., 2013; Larson et al., 2001). Intensive management with pruning has been
found to increase butt log yield of No. 1 and better lumber from 54 to 63 percent (Clark et al.,
2004). However, this benefit is often confined to the first log in the stem (Clark et al., 2004;
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Larson et al., 2001). Artificial pruning, much like thinning, has little to no effect on tree height
and height growth, except for in extreme cases where pruning reduces the crown to the point
where tree growth is hindered, and even then, the effect is often temporary (Amateis and
Burkhart, 2011; Clark et al., 2004; Young and Kramer, 1947). Unlike thinning, pruning has very
little impact on stem diameter and diameter growth (General et al., 2013; Amateis and Burkhart,
2011). In rare cases, pruning has been linked with reductions in diameter growth, especially
lower in the bole of the tree due to increased distance from the crown and a reduction of light
interception (Ashton and Kelty, 2018; Amateis and Burkhart, 2011). Artificial pruning is an
expensive silvicultural activity with no immediate financial return, and so is much less
commonly applied than thinning, even in the most intensively managed plantations (Ashton and
Kelty, 2018; Huang and Kronrad, 2004). It is recommended that pruning only be implemented
on a small number of trees, typically around 150 trees per acre, to keep operation costs low
(Ashton and Kelty, 2018; Moorhead et al., 2010). Additionally, limiting pruning to the first log
can also reduce costs while still capturing the improved log grade benefits of this activity
(Burton and Shoulders, 1974).
While pine plantations have been economically efficient and are a sustainable source of
materials for a wide range of consumer products, there are problems and goals unique to NIPF
landowners that make traditional management options in these plantations less desirable and
more difficult to apply. Multiple-use goals and recreational uses of personal property make
intensive plantation management less desirable, especially considering how important aesthetic
value is to many NIPF landowners and the public (Butler et al., 2021; Kaetzel et al., 2012; Ribe,
1989). Fragmentation, the expense of forest operations, low stumpage prices, and an increase in
concern about the climate and carbon sequestration also make traditional, intensive, short6

rotation plantations more difficult and less desirable to manage (Coblentz, 2021; Callaghan et al.,
2019; Khanal et al., 2016; Hatcher et al., 2013). These challenges have left many landowners
searching for silvicultural options that better align with their needs and desired outcomes.
1.3

Mixed-Species Management
Tree species interact in a variety of ways, including competition and facilitation, which

are often the most commonly discussed vegetative interactions (Perry et al., 2008). While
competition between species does occur, competition within a species is often more severe
because individuals of the same species fill the same realized niche and thus compete more
directly for nutrients and growing space (Lang et al., 2012). Mixed-species plantations and
management has been proposed as an alternative to single-species plantations, especially with
concerns about increased disturbance and risks related to climate change (Jactel et al., 2018; del
Río et al., 2017; Dieler et al., 2017). While different species may compete with each other,
species that do not fill the same realized niche compete less intensively for resources compared
to conspecific individuals (Frivold et al., 2002). This reduction in competition and more
complete utilization of site resources is called niche differentiation and can lead to gains in
production over single-species stands (Dieler et al., 2017; Pretzsch et al., 2017). In some studies,
mixtures have been reported to over yield, or produce more volume than the average of
monoculture stands of the species in the mixture (Dieler et al., 2017). This gain in production can
be due to reduced competition or facilitation, which is when plants benefit from being close to
neighboring vegetation due to things like hydraulic lift and nitrogen fixation (Lu et al., 2018;
Fichtner et al. 2017; Pretzsch et al., 2017; Padilla and Pugnaire 2006).
One way multiple species can interact, particularly with tree seedlings, is through nurse
tree effects. Nurse plants are adult plants that have a net positive impact on the seedlings within
7

their vicinity through facilitation, including climate amelioration, competition suppression,
nitrogen fixation, or hydraulic lift (Ashton and Kelty, 2018; Fichtner et al., 2017; 2004; GómezAparicio et al.; Carrillo-Garcia et al., 1999). Facilitation can promote the establishment and
vigorous growth of a new cohort of trees in an environment where seedlings may struggle due to
harsh conditions or aggressive competition (Dawson and van Sambeek, 1993; Shepperd and
Jones, 1985). This type of interaction is more commonly seen on poorer sites, whereas
competition tends to dominate on better sites (Toïgo et al., 2021; Dieler et al., 2017). This benefit
is especially useful on harsh sites like deserts or previously mined sites where seedlings might
have to endure intense heat, high levels of sunlight, and potentially droughty conditions (Burger
and Zipper, 2011; Flores and Jurado, 2003; Tewksbury and Lloyd, 2001).
Another common interaction in production forestry in mixed-species stands is the use of
“trainer” trees, particularly with species with spreading branching patterns (Cordonnier et al.,
2018; Pretzsch et al., 2017). Planting desirable crop trees with a species that shades the bole of
the promotes self-pruning, leading to better form and higher log quality (Liu et al., 2018;
Pretzsch et al., 2017; Saha et al., 2014). This is especially beneficial for oak (Quercus spp.)
plantations since they can exhibit spreading form with many forks and branches on lower
portions of the trunk that will not self-prune if left unshaded (Gardiner and Lockhart, 2007). In
several studies, planting oaks with other species has led to better self-pruning with no negative
growth impacts on the oaks (Saha et al., 2012; Lockhart et al., 2006; Oliver et al., 1990). This
trainer tree effect encourages the use of multiple species while still achieving the benefit of
growing oaks for higher value products and as a source of hard mast for wildlife.
While mixed species forestry has numerous ecological, financial, and wildlife benefits,
there are some disadvantages. Chief among concerns about mixed-species management,
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especially compared to single species pine management, is the longer rotations and lack of
simplicity when applying silvicultural activities (Liu et al., 2018; Fichtner et al., 2017). A longer
rotation means a greater opportunity cost and longer investment period, which could make mixed
species management appear to be the less economically favorable option (Pretzsch et al., 2017).
However, since higher biodiversity is often associated with greater resistance to disturbance,
mixed-species management could also present landowners with a lower risk investment
compared to single-species plantations (Liu et al., 2018). Mixed-species management provides
an alternative option for landowners concerned about disturbance, climate change, and wildlife
(Toïgo et al., 2021; Liu et al., 2018; Wang et al., 2013; Hynynen et al., 2011).
1.4

Shortleaf Pine Restoration
The native range of shortleaf pine (Pinus echinata Mill.) stretches across more than

twenty states from Texas to Pennsylvania, with the species most commonly found in Arkansas,
Mississippi, Georgia, Alabama, and Oklahoma (Moser et al., 2007; Shortleaf Pine Initiative).
The range covers approximately 241 million acres, but shortleaf pine forest types currently cover
only 7.4 million acres of this original range, predominantly in large-diameter stands (Oswalt,
2012; Moser et al., 2007). Shortleaf pine forests can provide important habitat for a variety of
wildlife and vegetative species, including endangered species like the red-cockaded woodpecker
(Dryobates borealis Vieillot) (Guldin, 2007; Masters, 2007). While shortleaf pine can grow in as
a dominant species within a stand, it is frequently found as a major or minor component within
mixed-species forest types, and restoration of shortleaf pine has even been noted as a strategy for
the mitigation of chronic oak decline and the recovery of mixed-species forests (Blizzard et al.,
2007; Moser et al., 2007). Forests dominated by shortleaf pine are most often found on private
land, and most appear to of natural origin (Oswalt, 2012). Since the 1980s, there has been a
9

decline in shortleaf pine forests, which can be attributed to several factors, including fire
suppression, land conversion, and excessive logging (Oswalt, 2012; Jensen et al., 2007).
Concerns about the decline of shortleaf pine forests led to the formation of the Shortleaf
Pine Initiative in 2013 and more studies geared towards the regeneration of shortleaf pine
(Shortleaf Pine Initiative). Shortleaf pine, like most other southern pine species, is an earlysuccessional species that regenerates best in high-light conditions with bare mineral soil (Guldin,
1986). While shortleaf pine can respond to a late release, seedlings typically survive best when
planted after a clearcut or when released from an overstory canopy within a decade of
germination (Jensen et al., 2007). In some cases, regeneration may be established under an
overstory canopy, but it is recommended the overstory basal area be between 10-14 m2/ha (4570 ft2/acre) (Elliott and Vose, 2005). Shortleaf pine seedlings have also been found to establish
well in gaps within uneven aged stands, but gaps must be large enough to allow seedlings
adequate sunlight (Jensen et al., 2007). Where there is not a sufficient seed source, it is
recommended that regeneration be accomplished through planting of shortleaf pine seedlings
(Elliott and Vose, 2005; Guldin, 2007). Schnake et al. (2016) noted that seedlings actually
maintained higher survival rates in areas with some canopy cover as compared to clearcuts. This
is likely due to competition suppression and climate amelioration. While shortleaf pine has not
yet been restored across its entire range, the knowledge gained through studies and increased
establishment success is a promising sign for the future of this species (Barnett and Brissette,
2007; Guldin, 2007; Tuttle and Houf, 2007; Masters, 2007).
1.5

Coal Mining and Restoration Impacts on Ecosystems
Coal mining in the eastern United States is often accomplished using surface mining

techniques, where layers of soil are removed and set aside, then placed back into the pit once all
10

coal has been removed (Simmons et al., 2008). While the soil is replaced after mining is
complete, these materials are homogenized and do not match the soil conditions pre-mining
(Simmons et al., 2008; Sklenicka and Charvatova, 2003). Along with the mixing of established
soil layers, replaced mining soils also end up with altered chemical and physical properties.
Mined soils generally have greater levels of compaction due to equipment traffic, leading to high
bulk density and poor water infiltration, both of which can result in subsequent vegetation having
poor root development (Fields-Johnson et al., 2012; Simmons et al., 2008). Additionally, mined
soils have been found to have greater pH values and less available nutrients compared to
adjacent forested stands (Burgos et al., 2013; Simmons et al., 2008; Zipper et al., 2007). These
differences can be attributed to the mixing of soil horizons during excavation and subsequent
lack of horizon development in the soils that have been replaced after mining (Zipper et al.,
2007). Moreover, erosion and leaching of nutrients and contaminants can further damage
ecosystems and hinder ecosystem restoration and recovery (Rocha-Nicoleite et al., 2018; Lima et
al., 2016). Due to the altered soil properties, these sites are generally considered poor sites for
establishing new forests. However, facilitation between seedlings and other vegetation has been
observed to improve seedling establishment success (Torroba-Balmori et al., 2015).
With the enactment of the Surface Mining Control and Reclamation Act (SMCRA) in
1977, mining restoration shifted to incorporate the previous topography and vegetative
characteristics of the mined sites (Macdonald et al., 2015). However, mining restoration efforts
still focused on minimizing erosion and maximizing vegetative cover through the planting of
herbaceous species, leading to extensive planting of non-native species, poor tree survival, and
generally mixed restoration outcomes (Lima et al., 2016; Macdonald et al., 2015; Zipper et al.,
2007). The Forestry Reclamation Approach (FRA) was developed and implemented to address
11

the poor survival and growth of trees on sites post-restoration (Klobucar et al., 2011). The FRA
encourages the establishment of native trees for both timber and wildlife purposes, minimizing
soil compaction, and planting ground cover species that will not outcompete tree seedlings
(Franklin et al., 2012). This approach emphasizes the importance of natural succession and the
development of diverse plant communities, including early and late successional species (FieldsJohnson et al., 2012). The FRA also recommends planting both nurse and crop trees when using
artificial regeneration methods (Zipper et al., 2011). This method of regeneration is especially
useful for incorporating more shade tolerant or later successional species (Torroba-Balmori et al.,
2015). While FRA has been more successful than SMCRA in reforestation efforts and is
becoming widely adopted, the biggest challenge facing reforestation is growth inhibition caused
by herbaceous cover (Franklin et al., 2012; Zipper et al., 2011).
1.6

Objectives
The following projects are focused on developing potential silvicultural practices for non-

industrial private landowners, especially at the small scale. The first project was focused on the
impacts of low density and pruning intensity on diameter and height growth in loblolly pine
plantations. This could help NIPF landowners and foresters determine whether low planting
density and early pruning can eliminate the need for thinning entries in pine plantations. This has
relevance for pine plantation management throughout the southeastern United States and
potentially other timber production locations that have been experiencing land fragmentation and
parcelization, increased harvest and management costs, as well as a loss of markets for smalldiameter wood. The second project was focused on seedling success beneath an established
canopy, specifically whether underplanting impacts the survival and growth of seedlings.
Additionally, there will be emphasis on whether there is a species or mixture that performs best
12

when planted under an established plantation canopy, and which planting mixture will lead to the
best survival and form of oaks and sufficient stocking of shortleaf pine for restoration purposes.
The evaluation of these novel silviculture options for NIPF landowners may allow landowners to
sustainably continue the management of their forests while simultaneously meeting an array of
societal objectives.
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CHAPTER II
CROWN LIFTING OF LOW-DENSITY LOBLOLLY PINE (PINUS TAEDA) PLANTATIONS
ON NON-INDUSTRIAL PRIVATE FOREST LANDS
2.1

Introduction
As of 2013, there were over 10.4 million nonindustrial private forest (NIPF) landowners in

the United States (Hatcher et al. 2013) with the majority of ownership managing holdings
between 0.4 - 19.8 ha (1 - 49 acres) in size (Butler et al. 2021). As of 2018, about 88.8 % of the
forest land in the state of Mississippi was managed by private forest landowners (USDA Forest
Service 2020), with 6,207,878 hectares (15,340,000 acres) of that private forest distributed
among 370,000 NIPF landowners (USDA Forest Service 2018). This division of acreage has led
to greater land fragmentation and reduced parcel size across the state. In general, NIPF
landowners manage less intensively than other types of private landowners (Arano and Munn
2006), and NIPF landowners with small landholdings often face challenges implementing midrotation silvicultural practices such as fertilization, competition control, thinning, and pruning
(Measells et al. 2005; Hatcher et al. 2013). A lack of mid-rotation management can lead to
greater mortality rates and reduced stand productivity compared to intensively managed timber
stands (Zhao et al. 2011; Weng et al. 2020).
Thinning, or the practice of reducing stand density, is regularly performed to improve
residual tree growth, reduce density-dependent mortality, increase the value of final harvest
products, capture an early return on investment, and promote structural and spatial uniformity
14

(Helms 1998; Newton 2009). Pine plantations in the southeastern US often implement one or
more successive thinning entries. Thinning provides additional growing space for the residual
crop trees, which improves diameter growth and, in some cases, height growth (Zhang et al.
1997; Ashton and Kelty 2018). In light-limited systems, residual trees often reoccupy physical
space by expanding their crown diameters. However, the rate of expansion depends on stand age,
thinning intensity, and site quality (Peterson et al. 1997). The timing of thinning has a large
impact on both return on investment and stand response post thinning. Thinning should be
implemented prior to the onset of density-dependent mortality to minimize cost and maximize
growth gain (Ashton and Kelty 2018).
Thinning is often categorized by the return on investment. Precommercial thinning is often
conducted in high density stands where intense competition limits diameter and sometimes
height growth in unthinned stands. Extremely overstocked stands that do not undergo a
precommercial thinning have been shown to experience both height and diameter growth
stagnation (Grano 1969). As diameter growth is inversely proportional to stand density (Lohrey
1977; Baldwin et al. 2000), a potential alternative to thinning could be planting at lower densities
(Dean and Baldwin 1996). Reduced planting densities can extend the interval between or
eliminate the need for thinning entries, but may result in lower wood quality (Clark et al. 1994).
Increased physical space between trees results in larger branches and knots (Clark et al. 1994)
and rapid growth results in lower modulus of rupture, modulus of elasticity, and core wood
stiffness (Biblis et al. 1995; Roth et al. 2007; Clark et al. 2008; Amateis and Burkhart 2013).
Crown lifting or pruning is defined as the removal of living or dead branches and multiple
leaders from standing trees (Helms 1998). Pruning is commonly used in urban forestry to
improve tree aesthetics and maintain tree health, while in industrial forestry it is used to increase
15

the amount of wood free of knots (Helms 1998). The effects of trees pruned per acre, crown
lifting height, age of pruning, and pruning frequency have been investigated in loblolly pine
plantations in Virginia (Amateis and Burkhart 2011). Regarding the timing and frequency of
pruning, it was reported that a 50.0% canopy reduction at age 3 negatively impacted total height
growth, but only for one year post treatment. Additionally, pruning at ages 6 and 9 in other
treatments showed similar, short-term growth reductions. Repeated pruning, however, at ages 3,
6, and 9 reduced cumulative DBH growth by 14.0% at age 11 compared to the control treatment
(Amateis and Burkhart 2011). Crown canopy reductions of 50.0% after year 3 and year 6
resulted in greater or equivalent diameter growth as the control treatment (Amateis and Burkhart
2011). However, no statistically significant differences were noted for total height growth and
total diameter growth by year with regards to other crown lifting heights tested.
Pruning has been shown to improve log quality in nearly all cases, regardless of pruning
intensity (Amateis and Burkhart 2011; Ares and Brauer 2005; Clark et al. 2004; Larson et al.
2001), especially since pruning allows trees to begin to produce clear wood much faster than
self-pruning. Though important, knot size and distribution are not solely responsible for quality
of dimensional wood products. Pruning is expected to temporarily increase the percentage of
summerwood and transition from core wood characteristics to characteristics of outer wood, with
these changes lasting up to a few years depending on pruning intensity (Larson et al. 2001). Ring
specific gravity is also impacted by pruning, with one study finding that all pruning treatments,
whether they have taken place at different ages or multiple times, yielded significantly higher
ring specific gravity (Burkhart and Amateis 2020). This translates to improved wood quality.
Pruning in conjunction with thinning has been shown to decrease the number of knots,
especially in butt logs, and increase the yield of more valuable lumber products (Clark et al.
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2004; Huang and Kronrad 2004; Burton and Shoulders 1974). The combined effects of crown
lifting and intensive thinning were studied extensively at the USDA Crossett Experimental
Forest in south Arkansas (Clark et al. 2004). This study was established in 1954, with the goal to
produce loblolly pine sawtimber within a 30-year rotation. Intensive management included precommercial thinning, pruning, and mowing to control understory vegetation. Results indicated
that diameter at breast height (DBH) values of the intensively managed trees were 37.0% greater
than the control plots. Most importantly, pruning to keep 50% LCR by age 15 resulted in a
greater proportion of No. 1 and better grade lumber in butt logs (Clark et al. 2004). Pruning
above 4.9 m (16 ft.), or the second log, however, did not yield higher quality lumber when
compared with lumber from unpruned second logs in the control treatment. Reduced planting
density or thinning combined with pruning could translate to greater sawtimber stumpage values
for landowners.
The primary objective of this study was to gain insight into whether pruning intensity and
low stand density impact rapid sawtimber production. Developing this knowledge will help NIPF
landowners and foresters determine whether initial planting and pruning can be used to bypass
the need for thinning in pine plantations. The findings of this study have relevance for forest
management throughout the southeastern United States and other timber producing locations,
where declining demand for small-diameter wood and land fragmentation are expected to
challenge traditional production models.
2.2
2.2.1

Methods
Study Site
The study site is located at the Truck Crops Experiment Station in Copiah County, MS,

USA (Figure 2.1). Soils were identified as a Providence silt loam, with an estimated site index of
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26.5 m (87 ft) for loblolly pine at base age 50. The plantation was established in 1998, using 1.5
generation improved loblolly pine seedlings acquired from the Mississippi Forestry Commission.
The seedlings were machine planted on 1.2 x 2.7 m (4 x 9 foot) spacing for an average initial
density of 2,990 trees per hectare (1,210 TPA). A survival check in 2003 found that 2,664 trees
per hectare (1,078 trees per acre) had survived, with an average of 7.1 cm (2.8 inches) in DBH.
Following this check, the best 494 trees per hectare (200 trees per acre) were marked as crop
trees, with a desired spacing of 4.5 m (14.8 ft) between trees. All trees not marked as crop trees
were pre-commercially thinned by hand with chainsaws in April of 2003. The average DBH,
height, and LCR of the remaining trees was 9.7 cm (3.8 inches), 6.0 meters (19.8 ft), and 84%,
respectively. Herbaceous competition beneath the remaining crop trees was controlled with
mowing between planted rows and glyphosate application within the rows.

Figure 2.1

Study site location at the Truck Crops Experiment Station near Crystal Springs,
Mississippi USA.
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2.2.2

Study Design
The study site was split into eight blocks with two replicates of four live crown ratios:

50%, 45%, 50%, and 35% LCR. Crown lifting was implemented in May 2003. Branches were
removed outside the bark ridge using loppers, hand pruners, and pruning saws (Figure 2.2).

Figure 2.2

Images from study including a) a 35% Live Crown Ratio (LCR) treatment plot in
2003 prior to treatment implementation, b) the same plot immediately following
thinning and pruning in 2003, c) a 35% LCR treatment plot (foreground) and
unmanaged plot (background) as observed in 2004, and d) a 35% LCR treatment at
age 18 observed in 2016.

Trees were pruned to a target height, which was calculated using the LCR treatment
percentage and the total tree height in Equation 2.1:

𝑃𝑟𝑢𝑛𝑖𝑛𝑔 𝐻𝑒𝑖𝑔ℎ𝑡 = 𝑇𝑜𝑡𝑎𝑙 𝐻𝑒𝑖𝑔ℎ𝑡 × (1 −

𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝐿𝐶𝑅
)
100

(2.1)

While target heights were calculated for each tree, actual LCR of individuals varied
slightly. However, the averages for the four treatments were very close to the target LCR values.
19

Initial height, DBH, and live crown measurements were taken after pruning. A 0.004 ha (0.01
acre) unmanaged plot was established at age eight in an area of the stand that was not thinned or
pruned. Although it is not a true control plot, it could be considered an alternative scenario for
plantations on small private lands where traditional silvicultural options are impractical. It is
referred to as the unmanaged plot for ease. DBH, height, and LCR measurements for all plots
were taken again from 2004 to 2008, and from 2014 to 2019. Crown lifting treatments were
repeated throughout the study to maintain desired live crown ratios.
2.2.3

Analyses
Analysis was completed using the statistical software R Version 4.0.3 (R Core Team

2020) as well as the nlme package (Pinheiro et al. 2021), emmeans package (Lenth 2021),
ggplot2 (Wickham 2016), and multcomp package (Hothorn et al. 2008). Due to a lack of data in
the unmanaged plot for ages five, six, and seven, 1,000 replications of DBH and total height
values for all trees across treatments at age five were estimated from a normal distribution. The
mean and standard deviations were set to the average and standard deviation values of the DBH
and total height of the non-missing dataset. These values were used as the age five baseline
starting point for all trees within this project. A mixed effects model was developed using the log
transformed measurements of DBH and total height. Natural log of DBH and natural log of total
height were the dependent variables for their respective regression equations with age acting as a
fixed effect predictor and a random effect for each tree. Using the resulting equation, natural log
of DBH and natural log of total height values were modelled for each tree in the unmanaged
treatment for ages six and seven. These estimated values for the unmanaged treatment for years
six and seven were then incorporated into the full dataset for all subsequent modelling. Mean
DBH and total height for ages five to nine and 14 to 21 were determined for each treatment for
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comparison and were reported with standard errors. No data were collected in years 10, 11, 12,
and 13. DBH was modelled using a mixed effects model, with the natural log of DBH (cm) as
the dependent variable, a combination of age and treatment as the independent variables, and the
plot as the random effect. Total height was modelled using a linearized mixed-effects model,
with the natural log of total height (m) as the dependent variable, age and treatment functioning
as predictor variables, and plot acting as a random effect. Treatments were compared with the cld
function within the emmeans package. This compared each treatment against the unmanaged
plot, and against all other treatments using Tukey’s Pairwise Comparison. Mortality significance
was tested using a chi-square test. Back-transformed means and standard errors are reported
throughout. All statistical differences were analyzed at the α = 0.05 level of significance.
2.3

Results
The average diameter of the unmanaged plot was significantly less than all other

treatments at age eight (p < 0.05). Additionally, the 50% LCR treatment was significantly
greater than the other treatments from age seven to nine. The average DBH for the unmanaged
plot was 12.6 cm (± 0.6 cm, 5.0 ± 0.2 in.) at age 8. The 35%, 40%, 45%, and 50% treatments
averaged 15.8 cm (± 0.2 cm, 6.2 ± 0.1 in.), 16.3 cm (± 0.3 cm, 6.4 ± 0.1 in.), 16.3 cm (± 0.3 cm,
6.4 ± 0.1 in.), and 18.6 cm (± 0.3 cm, 7.3 ± 0.1 in.), respectively. By age 21, the unmanaged plot
had a significantly lower mean DBH of 19.8 cm (± 1.4 cm, 7.8 ± 0.6 in.) while the 50% LCR
treatment had a mean DBH of 38.3 cm (± 0.7 cm, 15.1 ±0.3 in.) on average. The 35% and 40%
treatments were 36.5 (± 0.7 cm, 14.4 ±0.3 in.) and 36.2 cm (± 0.7 cm, 14.3 ± 0.3 in.) in DBH on
average, and the 45% LCR treatment had an average DBH of 34.5 cm (± 0.7 cm, 13.6 ± 0.3 in.).
The 50% treatment consistently maintained the greatest average diameter among all the pruning
treatments. Initially, the 45% and 40% treatments were comparable but the diameter of the 45%
21

treatment became the slowest growing by age 13 (Fig. 3). The 35% and 40% treatments were
similar in terms of average diameter, with the 40% LCR treatment barely greater than the 35%.
There was no significant difference between any of the pruned treatments starting at age 14.

Figure 2.3

Mean diameter at breast height (DBH) by treatment throughout the study years
(2003-2019) broken down by live crown ratio (LCR) treatments with the
unmanaged plot (Unmanaged) for comparison.

Height did not vary significantly between treatments. Additionally, average height in the
pruned treatments did not exceed the unmanaged plot (Fig. 4). The unmanaged plot had greater
average height values than all other treatments until age 20. At age 8, the unmanaged plot had a
mean height of 9.9 m (± 0.3 m, 32.5 ± 1.0 ft.), while the 35%, 40%, 45%, and 50% treatments
had mean heights of 9.0 m (± 0.1 m, 29.5 ± 0.3 ft.), 8.4 m (± 0.1 m, 27.6 ± 0.3 ft.), 8.7 m (± 0.1
m, 28.5 ± 0.3 ft.), and 9.1 m (± 0.1 m, 29.9 ± 0.3 ft.) respectively. By age 21, average heights
were 20.5 m (± 0.3 m, 67.3 ± 1.0 ft.), 20.8 m (± 0.2 m, 68.2 ± 0.7 ft.), 20.1 m (± 0.2 m, 65.9 ±
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0.7 ft.), 19.8 m (± 0.2 m, 65.0 ± 0.7 ft.), and 20.8 m (± 0.2 m, 68.2 ± 0.7 ft.) for the unmanaged
plot, 35%, 40%, 45%, and 50% treatments, respectively.

Figure 2.4

Mean height by treatment throughout the study years (2003-2019) broken down by
live crown ratio (LCR) treatments with the unmanaged plot (Unmanaged) for
comparison.

Survival was lowest within the unmanaged plot at 77.8% (± 0.0%) at age 21. Among the
pruning treatments, the 45% LCR had the lowest survival rate at 87.5% (± 3.7%) at age 21. The
50% live crown ratio had the highest survival of any pruning treatment at 91.8% (± 5.9%) with
only four trees being lost over the course of the study. Despite the range of survival, the
mortality differences between treatments were not significant (p > 0.05). The average DBH,
height, and survival values with standard error at age 21 can be seen in Table 1 below.
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Table 2.1

2.4

Average diameter at breast height (DBH), height, and survival by treatment at age
21. Averages with the same letter do not differ at α = 0.05.
Treatment

Mean DBH (cm)

Mean Height (m)

Survival (%)

Unmanaged
35% LCR
40% LCR
45% LCR
50% LCR

19.8 ± 1.4b
36.5 ± 0.7a
36.2 ± 0.7a
34.5 ± 0.7a
38.3 ± 0.7a

20.5 ± 0.3a
20.8 ± 0.2a
20.1 ± 0.2a
19.8 ± 02a
20.8 ± 0.2a

77.8 ± 0.0a
91.3 ± 0.4a
91.4 ± 0.9a
87.5 ± 3.7a
91.8 ± 5.9a

Discussion
The diameter of all pruning treatments was significantly greater than the unmanaged plot.

However, this difference was likely due to the thinning that took place in the pruned treatments,
especially since pruning can decrease the ability of a tree to intercept light, thus reducing growth
potential (Young and Kramer 1947). Releasing a tree from competition allows growth
acceleration as a result of resource availability for the residual trees, as well as eventual foliage
increases (Ashton and Kelty 2018, Haywood 2005, Peterson et al. 1997). In general, diameter
growth can be greatly impacted by stand density, and intensive thinning can greatly increase the
final diameter of crop trees compared to an unthinned stand. Low densities can promote larger
tree diameters, which encourages more rapid sawtimber production (Russell et al. 2009; Zhao et
al. 2012). Increasing thinning intensity has also been shown to create a higher and narrower
diameter distribution (Baldwin et al. 2000), which could support the use of a more aggressive
thinning at an early age for small landholdings. The implementation of a single, high intensity
thinning operation could yield similar diameter growth results to a series of lower intensity thins.
However, in a market where small diameter timber is already difficult to sell, planting at a
reduced density would be a more effective alternative than thinning.
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Pruning has been found to either slightly decrease or have little impact on diameter
growth (Young and Kramer 1947; Amateis and Burkhart 2011; General et al. 2013). Reduction
in diameter growth on lower positions of the bole of trees appears to be a result of increased
distance from the crown post-pruning (Young and Kramer 1947; Ashton and Kelty 2018).
Amateis and Burkhart (2011) noted that heavy or repeated crown lifting treatments negatively
impacted diameter growth. However, Amateis and Burkhart also noted the decrease in diameter
growth appeared to diminish over time, typically becoming normal after around 3 years, for the
trees that experienced a single crown lifting treatment, whereas the trees that experienced
multiple pruning treatments seemed to suffer sustained decreases in diameter growth.
Additionally, they found that light pruning treatments did not impact growth negatively, and the
pruning of some trees within a stand did not appear to diminish stand-level growth. In this study,
there was no noticed decline in diameter growth related to pruning, despite the trees in this study
being pruned multiple times.
There was no significant difference in height growth among treatments. Stand density has
been shown to have a wide variety of impacts on height of dominant and co-dominant trees.
Thinning has been shown to positively impact height growth in some cases, especially if the site
was of better quality (Zhang et al. 1997). In this study, however, the impact was minimal, and, if
noticeable, was much less than the impact on diameter growth. Antón-Fernández et al. (2011)
noted that dominant height was dependent upon planting density, with differences expressing
themselves as early as age six. This difference was still significant at age 25 but increases of
dominant height diminished as spacing increased past 9 m2 per tree (Antón-Fernández et al.
2011). However, despite the link found between height and density in the Antôn-Fernández et al.
(2011) study, differences were slight, and depending upon the definition of dominant height used
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there were no significant differences. This supports the similarities in average heights across all
treatments observed in our study. Pruning, like thinning, has been shown to have no impact or
discernable trend in relation to total height and height growth (Young and Kramer 1947; Ares
and Brauer 2005). Height, being mostly dependent on site conditions, will likely be impacted by
pruning unless taken to an extreme that causes the affected individuals to suffer permanent
stunting of growth. In this case, since the trees chosen for the study were the most dominant,
pruning would have to eliminate most of the productive crown to cause any sort of
photosynthetic limitation that could stunt growth.
Mortality occurred in all of the treatments. Although the unmanaged plot had the highest
mortality, it was a single plot with a small number of trees, so this mortality was not considered
significantly different than any of the other treatments. There was some Ips (Ips spp.) beetle and
fusiform rust (Cronartium quercuum f. sp. fusiforme) damage within the study plots, as well as
hurricane damage. It was unclear whether these factors were the cause of the mortality
experienced within the stand, but they could have helped further weaken trees that were already
experiencing stress. The 35% LCR treatment did not have the highest mortality rate among the
pruned treatments. Even if differences in mortality had been significant, it could not be attributed
to a more aggressive crown lifting treatment. Thinning and pruning have not been shown to be
linked to any increase in mortality.
2.5

Conclusion
The combination of low stand density and pruning could be used by NIPF landowners to

eliminate the need for thinning treatments prior to final harvest. Planting at a lower density
would reduce planting costs and eliminate the need for pre-commercial thinning. Additionally,
by the end of the rotation, landowners could have an attractive stand with potentially high value
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sawtimber. This might entice contractors to bid on small parcels of land. It is important to note
that the treatments examined in this study would require significant labor or costs for the
landowner to maintain. The significant difference between all pruned and thinned treatments and
the unmanaged plot further supports the need for lower density management to achieve rapid
diameter growth. Since there was no significant difference between the diameter growth of the
various live crown ratios, the lowest pruning intensity (50% LCR) could be used to save time
and money while still achieving desired results. Pruning could also be done less frequently than
in this study, since repeated crown lifting treatments could negatively impact long-term growth.
If only one pruning treatment is desired, landowners should prune as early as feasibly possible.
The exact age may vary, but pruning should occur once trees are tall enough that pruning up to
5.3 m (17.3 ft.) does not reduce the LCR to less than 35%. This low density, crown lifting
management option is more viable for landowners with small parcels of land where hand pruning
will not be overly time consuming. Moreover, landowners interested in this option must be
willing and able to devote time, labor, or money to prune their stands.
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CHAPTER III
NOVEL SILVICULTURE PRACTICES FOR MANAGING MIXED-SPECIES STANDS FOR
NON-INDUSTRIAL PRIVATE FOREST LANDOWNERS
3.1

Introduction
Monoculture plantations, specifically southern yellow pine (Pinus spp.) plantations, have

dominated the southeastern United States for decades and replaced the historically mixed forest
types previously found across this region (Karl et al. 2009). While these plantations do provide
many of the commercial products society needs, they do not provide all the ecological functions
of the systems they replaced (Liu et al. 2018). Additionally, the encouragement of planting pine
through programs like the USDA Conservation Reserve Program has left many landowners with
pine products that are difficult to sell where markets are already saturated and prices are low
(TimberMart-South | South-Wide Average Prices, 2020). Mixed-species systems tend to have
higher plant species diversity, which is linked to increased ecosystem stability and productivity
(Liu et al. 2018). The apparent benefits of mixed-species forests have spurred recent interest in
managing mixed-species systems as an alternative to monoculture plantations that have
dominated industrial forestry and research in the southeastern United States. There has been
particular interest in the mechanisms by which commercial species in the south interact,
especially whether these interactions are strictly competitive, facilitative, or a mix of these two.
Species interact in many ways, including, but not limited to commensalism, competition, and
mutualism (Perry et al. 2008). In general, the results of these interactions between species in
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even-aged mixed-species plantations can be grouped into three categories: little to no impact on
the trees, underyielding, and overyielding, or in more extreme cases transgressive overyielding.
Underyielding is when the productivity of the mixture is less than the productivity of the
combination of the monocultures of the species in the mixture. Overyielding is when the
productivity of the mixture is greater than the productivity of the combination of the
monocultures. Transgressive overyielding is where the mixture production is greater than the
production in both monocultures (Pretzsch et al., 2017). Species interaction and impacts on yield
have been found to depend on site conditions in addition to the species involved (Looney et al.,
2021; Toïgo et al., 2021; Lu et al., 2016; Hynynen et al., 2011). For example, on poor sites, the
impacts of facilitation are often much stronger than on better sites, where competition could be
more impactful (Lu et al., 2018; Pretzsch et al., 2017)
Interest in the benefits provided by mixed-species forests led to the creation of the following
study. Using the methods discussed below, the study created a mixed-species, two-age stand by
planting oak (Quercus spp.), sweetgum (Liquidambar styraciflua L.), and shortleaf pine (Pinus
echinata Mill.) seedlings in different mixtures under an established loblolly pine plantation.
There were several study objectives, the first being to determine whether planting seedlings
beneath an established canopy would be feasible. Additionally, different seedling species and
planting mixtures were compared to determine the best performing species and mixtures. Lastly,
the impact of deer browsing on seedling success, particularly for species of high deer preference,
was examined. By answering these questions, we hoped to determine which planting mixture
under the established plantation canopy leads to the highest survival and greatest future wildlife
opportunities for landowners. This optimal combination will be the management scheme
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suggested to landowners for transitioning single species pine plantations to mixed-species
forests.
3.2
3.2.1

Methods
Study Site
This experiment was installed in an approximately 33.6 hectare (83 acre) loblolly pine

(Pinus taeda L.) plantation near Double Springs, Alabama, USA, which is in Winston County
near the Bankhead National Forest (Figure 3.1). The property is owned by non-industrial private
forest landowners interested in restoration of natural forest types and mine reclamation efforts
across their property. There are some hill tops on the site, and there is unlikely to be any standing
water due to the varying terrain. There are roads adjacent to and on the site. Soils are classified
as a brilliant extremely channery sandy loam, Kirkville sandy loam, and a Sipsey-Bankhead
complex. Due to the terrain, only upland and generalist hardwood species were included in the
study. It is also important to note that the site was previously strip-mined and received no soil
remediation, which has impacted overall soil health and site conditions.

30

Figure 3.1

Study site location, indicated by the star, in southern Winston County, Alabama
USA.

The pine plantation was established in 2004, and past silvicultural activities include site
preparation, planting, and a forest thinning operation in 2016, with every fifth row cut and
minimal selective thinning in the leave rows. The thinning operation created varied canopy
density and structure and allows varying levels of sunlight to reach the ground. The overstory
loblolly pine had an average DBH of 20.4 cm (8.0 in.), an average basal area of 20.06 m2/ha
(86.38 ft2/ac) and an average trees per hectare value of 599 (240 trees per acre (TPA)). Using the
site index curve for loblolly pine plantations from Amateis and Burkhart 1985 and the average
heights of the dominant and codominant trees, the site index for this stand is 23 m (75 ft.) at base
age 25. There was vegetation in the understory, including the invasive sericea lespedeza
(Lespedeza cuneata (Dum.-Cours.) G. Don.), Rubus spp. L., and greenbriar (Smilax spp. L.)
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3.2.2

Study Design
Four planting blocks were established in December of 2020, with twelve strips within

each block, with each strip approximately 19.81 meters (m) (65 feet (ft.)) in width and at least
30.48 m (100 ft.) long to accommodate a 12.19 x 19.50 m (40 x 64 ft.) plot with a buffer between
plots. The six species chosen for this study included shortleaf pine, sweetgum, post oak
(Quercus. stellata Wangenheim), northern red oak (Quercus rubra L.), southern red oak
(Quercus falcata Michaux) and shingle oak (Quercus imbricaria Michx.). Seedlings were
planted by a contractor in March of 2021 either as single species or in combination resulting in a
total of twelve original species mixtures (treatments). These treatments were randomly assigned
to the strips within the blocks using a random number generator in Microsoft Excel. Seedlings
were planted on a 2.4x2.4 m (8x8 ft.) spacing. In the mixtures, species alternated within rows so
that different species would interact more directly. The blocks were planted on March 18, 2021.
Permanent seedling plots were established the following April and May in 2021. Plots
were centered within each planting strip, with adjustments made to keep topography similar
within blocks and to obtain the appropriate number of seedlings. Plots consisted of 40 trees, with
5 columns of 8 trees where possible. One plot was 4 columns of 10 trees due to planting error,
but all other plots were the desired 5 columns with 8 trees each arrangement. Each tree within the
plot was marked with a wire flag (2.5 x 3.5 in. x 21 in.) and measured. Data collected at plot
establishment included seedling species, whether the seedling was alive, groundline diameter
measured to 0.1 cm, total height measured to 0.1 cm, and presence of deer browsing. Post
growing-season-seedling measurements were taken in September of 2021, and species,
groundline diameter, total height, and presence of deer browsing were recorded for each
seedling. Hoboware monitors were left from June to January in two locations, one in the food
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plot in the stand and another in Block 2. These monitors collected ambient air temperature and
relative humidity data. Monthly temperature and relative humidity for the food plot and the block
2 understory can be seen in Tables 3.1 and 3.2 respectively.
Table 3.1

Summary statistics for temperature and relative humidity in the food plot by
month.

Temperature (°F)
Relative Humidity (%)
Average Maximum Minimum Average Maximum Minimum
Month
77.5
93.8
65.5
75.3
95.9
54.5
June
77.5
98.0
57.7
82.5
94.8
46.3
July
77.6
98.6
60.1
82.9
97.3
36.1
August
71.6
91.3
46.5
86.6
97.6
44.1
September
63.4
92.1
40.3
78.6
98.2
1.0
October
46.7
75.0
24.0
51.8
100.0
1.0
November
53.1
75.6
26.1
93.1
100.0
1.0
December
60.8
85.3
25.0
81.0
100.0
35.0
January
Table 3.2

Summary statistics for temperature and relative humidity in the understory by
month.

Temperature (°F)
Relative Humidity (%)
Month
Average Maximum Minimum Average Maximum Minimum
June
76.1
89.4
67.0
83.9
97.7
56.4
July
76.1
94.0
59.5
89.4
99.0
49.2
August
76.6
94.2
61.2
88.2
99.9
47.6
September
71.2
90.4
47.9
87.9
100.0
39.4
October
63.5
84.5
41.4
90.6
100.0
40.4
November
47.7
73.7
26.6
85.2
100.0
33.0
December
53.7
73.5
27.2
89.6
100.0
37.5
January
39.3
73.6
18.5
74.1
100.0
1.0

3.2.3

Analysis
Relative groundline diameter growth and relative total height growth were evaluated

using linear models. Relative growth, both groundline diameter and height, was determined by
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dividing the difference between the fall 2021 and establishment measurements by the
establishment value. Growth was compared across treatments within each species, and growth
was then compared between the single-species treatments. Variables were transformed using the
natural log with a constant of 1 to adjust for negative values. Where models were significant
(p<0.05), treatments and species were compared using Tukey’s pairwise comparisons.
Significance of mortality and deer browse presence were analyzed using chi-square tests, with
statistical differences at the α = 0.05 level of significance. If p<0.05, the data was then assessed
at the individual species and treatment level using the corrplot package, which allowed for
evaluation of the residuals and contribution of the species and treatments to the chi-square
statistic. All analysis was completed using the statistical software R Version 4.0.3 (R Core Team
2020) with the packages emmeans (Lenth 2021) and corrplot (Wei and Simko, 2021). Shingle
oak was not included in the data analysis because it was only in the last two planting blocks as a
replacement for sweetgum. Relative total height growth is not reported in the results because of
the extensive browsing pressure, which confounded the ability to compare the height growth of
the species and mixtures.
3.3
3.3.1

Results
Survival
At establishment, overall seedling survival was 96.7% with treatment survival ranging

from 89.1 ± 4.6% to 100.0 ± 0.0%. The species with the lowest survival rate at establishment
was southern red oak, with treatment survival rates ranging from 91.3 ± 2.4% to 97.7 ± 2.3%
where southern red oak was planted with shortleaf pine and sweetgum respectively. Sweetgum
had the highest survival rates, with the sweetgum seedlings planted alone, with shortleaf pine,
with northern red oak, and with southern red oak all having 100 ± 0.0% survival. Matrices with
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survival rates and differences in survival rates between mixtures and their single-species
counterparts can be seen in Tables 3.3 and 3.4 below.
Table 3.3

Matrix displaying survival rates (%) with standard error values for species in the
establishment measurement period.

Shortleaf
pine

Planted with

Shortleaf
pine

Species planted
Northern red
Sweetgum
oak

Southern
red oak

Post oak

98.0 ± 0.6%

100.0 ± 0.0%

98.8 ± 1.3%

91.3 ± 2.4%

93.3 ± 1.7%

Sweetgum
Northern
red oak
Southern
red oak

100.0 ±0.0%

100.0 ± 0.0%

100.0 ± 0.0% 97.7 ± 2.3%

89.1 ± 4.6%

96.2 ± 1.3%

100.0 ± 0.0%

98.1 ± 1.0%

93.8 ± 2.4%

100.0 ± 0.0%

Post oak

98.3 ± 1.7%

98.6 ± 2.1%

92.5 ±
3.4%
97.5 ± 1.4%

Species along the top of the table are the species of focus. Species along the left side are the
secondary species within the mixture. Where the species planted and species planted with match,
which lies along the diagonal, it is the single-species treatment and is designated with bold text.
Survival decreased between the establishment and fall 2021 measurements, with an
overall survival rate of 88.5%, with treatment survival ranging from 79.4 ± 5.6% to 97.5 ± 2.4%.
The northern red oak seedlings had the lowest survival rate of all species in the fall
measurements with treatment survival ranging from 79.4% where seedlings were planted alone
to 89.7 ± 5.4% where seedlings were planted with sweetgum. The sweetgum seedlings had the
highest survival rates in the fall measurements with a range of 86.5 ± 2.3% where planted with
southern red oak to 97.5 ± 2.4% where planted with shortleaf pine. Matrices with survival rates
and differences in survival rates between mixtures and their single-species counterparts for the
fall measurements can be seen in Table 3.4 below.
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Table 3.4

Matrix displaying survival rates (%) with standard error values for species in the
fall 2021 measurement period.

Shortleaf
pine

Planted with

Shortleaf
pine

Species planted
Northern
Sweetgum
red oak

Southern
red oak

Post oak

85.5 ± 2.4%

97.5 ± 2.4%

81.7 ± 4.7%

87.5 ± 6.0%

90.0 ± 2.8%

Sweetgum
Northern
red oak
Southern
red oak

97.5 ± 2.4%

96.3 ± 3.8%

89.7 ± 5.4%

88.4 ± 2.6%

87.0 ± 4.8%

84.6 ± 5.7%

95.1 ± 5.0%

79.4 ± 5.6%

87.5 ± 3.2%

86.5 ± 2.3%

Post oak

81.4 ± 6.6%

97.3 ± 1.9%

94.4 ± 1.9%
90.8 ± 3.0%

Species along the top of the table are the species of focus. Species along the left side are the
secondary species within the mixture. Where the species planted and species planted with match,
which lies along the diagonal, it is the single-species treatment and is designated with bold text.
There was a significant difference in survival among treatments in both the establishment
(p<0.001) and fall 2021 measurements (p<0.001). In the establishment measurement period, the
post oak seedlings planted with shortleaf pine and sweetgum, the shortleaf pine seedlings planted
with southern red oak, and the southern red oak seedlings planted alone and with shortleaf pine
were all more likely to experience mortality compared to the other treatments. Sweetgum,
particularly when planted alone, was slightly less likely to experience mortality. In the fall 2021
measurements, the northern red oak seedlings planted alone were much more likely to experience
mortality. The northern red oak seedlings planted with shortleaf pine were slightly more likely to
experience mortality compared to the other treatments. The southern red oak planted alone, and
the sweetgum seedlings planted alone and with post oak were slightly less likely to experience
mortality than the other treatments.
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3.3.2

Relative Groundline Diameter Growth
All relative groundline diameter growth was positive, with the growth ranging from 0.08

± 0.09 cm (0.03 ± 0.04 in.) to 0.80 ± 0.16 cm (0.31 ± 0.06 in.). The shortleaf pine seedlings
experienced the greatest average relative groundline diameter growth, with all treatments
experiencing at least 0.40 cm (0.16 in.) of relative diameter growth. The post oak seedlings
experienced the least average relative groundline diameter growth, but also experienced a wide
range of growth. Where post oak was planted with sweetgum, it had an average of just 0.08 ±
0.09 cm (0.03 ± 0.04 in.) of relative diameter growth, but when planted with shortleaf pine, the
post oak seedlings had an average relative diameter growth of 0.58 ± 0.17 cm (0.26 ± 0.07 in.)
For average relative groundline diameter growth values within species, only sweetgum and post
oak had significantly different treatments (p<0.001, p=0.019). For sweetgum, the seedlings
planted with post oak (0.72 ± 0.11 cm (0.28 ± 0.04 in.) had significantly greater relative diameter
growth than the sweetgum planted alone (0.23 ± 0.07 (0.09 ± 0.03 in.), p<0.001), with northern
red oak (0.28 ± 0.10 (0.11 ± 0.04 in.), p=0.008), and with southern red oak (0.17 ± 0.07 (0.07 ±
0.03 in.), p=0.004). In the post oak seedlings, the post oak planted with shortleaf pine (0.58 ±
0.17 cm (0.23 ± 0.07 in.)) had significantly greater relative diameter growth than the post oak
planted with sweetgum (0.08 ± 0.09 cm (0.31 ± 0.06 in.), p=0.03) and the post oak planted alone
(0.14 ± 0.05 cm (0.06 ± 0.02 in), p=0.05). A matrix of relative groundline diameter growth can
be seen in Table 3.5 below. Within species, treatments marked with different letters designate
significantly different average values. When examining the relative diameter growth values
between species when they were planted alone, the species did experience significantly different
growth (p < 0.001). The shortleaf pine seedlings in particular had significantly greater relative
diameter growth than all other species. These differences can be seen in the matrix below which
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shows the average relative groundline diameter growth for the single-species treatment and the
differences in survival rates between mixtures and their single-species counterparts (Table 3.6).
Table 3.5

Matrix displaying average relative groundline diameter growth (cm) with standard
error values. Treatments within a species with different letters have average
growth values that significantly differ.

Shortleaf
pine

Planted with

Shortleaf
pine

Species planted
Northern
Southern
Sweetgum
red oak
red oak

Post oak

0.53 ± 0.04

0.40 ± 0.07ab

0.38 ± 0.09

0.37 ± 0.07

0.58 ± 0.17a

Sweetgum
Northern
red oak
Southern
red oak

0.67 ± 0.18

0.23 ± 0.07b

0.31 ± 0.10

0.43 ± 0.14

0.08 ± 0.09b

0.58 ± 0.10

0.28 ± 0.10b

0.34 ± 0.07

0.40 ± 0.08

0.17 ± 0.07b

Post oak

0.80 ± 0.16

0.72 ± 0.11a

0.25 ± 0.04
0.14 ± 0.05b

Species along the top of the table are the species of focus. Species along the left side are the
secondary species within the mixture. Where the species planted and species planted with match,
which lies along the diagonal, it is the single-species treatment and is designated with bold text.

38

Table 3.6

Matrix displaying average relative groundline diameter growth (cm) and standard
error values for single-species treatments and differences between the mixtures and
single-species treatments (cm). Across the single-species treatments, growth values
with different letters significantly differ.

Planted with

Shortleaf
pine

Species planted
Northern
Southern red
Sweetgum
red oak
oak

Post oak

Shortleaf
pine

0.53 ± 0.04a

+ 0.17

+ 0.04

+ 0.12

+ 0.44

Sweetgum
Northern
red oak
Southern
red oak

+ 0.14

0.23 ± 0.07b

-0.03

+ 0.18

-0.06

+0.05

+ 0.05

0.34 ± 0.07b

-0.13

-0.06

Post oak

+ 0.27

+ 0.49

0.25 ± 0.04b
0.14 ± 0.05b

Species along the top of the table are the species of focus. Species along the left side are the
secondary species within the mixture. Where the species planted and species planted with match,
which lies along the diagonal, it is the single-species treatment and is designated with bold text.
3.3.3

Deer Browsing Presence
Deer browsing presence in both measurement periods had a wide range of values. At

establishment, 23.9% of seedlings were impacted by deer browsing, with treatment browsing
presence ranging from 2.5 ± 2.6% to 66.9 ± 9.9%. The shortleaf pine seedlings experienced the
least browsing pressure at establishment, with browsing ranging from 2.5 ± 2.6% when planted
with sweetgum and 8.5 ± 3.8% when planted alone. The northern red oak seedlings experienced
the most browsing in the establishment measurements, with browsing ranging from 41.0 ± 11.6%
when planted with sweetgum and 66.9 ± 9.9% when planted alone. Matrices with browsing rates
and differences in browsing between mixtures and their single-species counterparts for the
establishment measurements can be seen in Table 3.7 below.
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Table 3.7

Matrix displaying browsing rates (%) with standard error values for species in the
establishment measurement period.

Sweetgum

8.5 ± 3.8%

25.0 ±6.3%

51.9 ± 7.9%

18.8 ± 5.9%

10.0 ± 5.0%

Sweetgum
Northern
red oak
Southern
red oak

2.5 ± 2.6%

38.8 ± 6.3%

41.0 ± 11.6%

18.6 ± 5.1%

6.5 ± 4.2%

6.3 ± 3.8%

43.9 ± 13.6%

66.9 ± 9.9%

6.3 ± 3.8%

32.4 ± 6.3%

Post oak

6.7 ± 1.7%

29.7 ± 7.6%

Shortleaf
pine

Planted with

Species planted
Northern red Southern red
oak
oak

Shortleaf
pine

Post oak

13.8 ± 3.3%
16.7 ± 5.5%

Species along the top of the table are the species of focus. Species along the left side are the
secondary species within the mixture. Where the species planted and species planted with match,
which lies along the diagonal, it is the single-species treatment and is designated with bold text.
In the fall 2021 measurements, 38.4% of all seedlings experienced deer browsing
damage, with species browsing damage rates ranging from 0.0 ± 0.0% to 78.1 ± 4.8%. The
species that experienced the most browsing pressure was still northern red oak, but southern red
oak also experienced significant browsing with more than half of all southern red oak seedlings
being browsed. The northern red oak treatments had browsing rates ranging from 64.1 ± 6.6%
when planted with sweetgum to 78.1 ± 4.8% when planted alone. The shortleaf pine seedlings
still had the least browsing damage out of all species planted. The shortleaf pine planted with
post oak had no browsing damage, and the most browsing damage was in the shortleaf planted
with sweetgum at15.0 ± 9.3% browsing presence. Matrices with browsing rates and differences
in browsing between mixtures and their single-species counterparts for the establishment
measurements can be seen in Tables 3.11 and 3.12 below.
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Table 3.8

Matrix displaying browsing rates (%) with standard error values for species in the
fall 2021 measurement period.

Sweetgum

7.0 ±3.8%

17.5 ± 3.4%

78.0 ± 7.6%

62.5 ± 13.8%

35.0 ± 3.4%

Sweetgum
Northern
red oak
Southern
red oak

15.0 ± 9.3%

40.0 ± 5.0%

64.1 ± 6.6%

46.5 ± 8.2%

30.4 ± 13.4%

14.1 ±4.9%

31.7 ± 11.4% 78.1 ± 4.8%

5.0 ± 3.5%

21.6 ± 0.6%

Post oak

0.0 ± 0.0%

32.4 ± 3.8%

Shortleaf
pine

Planted with

Species planted
Northern
Southern red
red oak
oak

Shortleaf
pine

Post oak

66.3 ± 8.5%
32.5 ± 5.8%

Species along the top of the table are the species of focus. Species along the left side are the
secondary species within the mixture. Where the species planted and species planted with match,
which lies along the diagonal, it is the single-species treatment and is designated with bold text.
Browsing was significantly different during the establishment (p < 0.001) and fall 2021
(p< 0.001) measurements. At establishment, the northern red oak seedlings planted alone were
significantly more likely to experience browsing pressure than all other treatments. Northern red
oak planted with shortleaf pine was slightly more likely to be browsed, while shortleaf pine
planted alone was slightly less likely to be browsed. In the fall measurements, southern red oak
planted alone was more likely to be browsed, and northern red oak planted alone was much more
likely to be browsed than other treatments. Shortleaf pine was less likely to experience browsing,
particularly when planted alone. The impact of mixtures on browsing presence was of particular
interest in this study, especially considering the intense browsing pressure in the oaks in the later
measurements. These impacts were examined through the use of cross tables, which allowed for
the comparison of predicted browsing pressure of single-species and mixtures with the true
browsing presence observed within the plots. Only the mixtures with sweetgum were examined
using cross tables (Figure 3.2).
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Figure 3.2

Cross tables comparing single and mixed-species browsing pressure across all
sweetgum mixture treatments.

Cross tables of sweetgum with northern red oak, southern red oak, and post oak. Solid lines are
predicted browsing presence based on observations of browsing for single-species plots. Dashed
lines are true browsing based on the browsing observed in the planting mixtures. Species are
color coded, with sweetgum indicated by yellow lines, northern red oak indicated by red lines,
southern red oak indicated by blue lines, post oak indicated by black lines, and the combinations
indicated by gray lines.
3.4
3.4.1

Discussion
Survival
The overall establishment survival of 96.7%with treatment survival ranging from 89.1%

to 100% did have some treatments with significantly different survival rates. The sweetgum
treatments had the highest survival, with sweetgum planted alone being less likely to experience
mortality than other treatments. The post oak seedlings had the lowest survival, with the post oak
seedlings planted with shortleaf pine and sweetgum having significantly higher mortality than
other treatments. The shortleaf and southern red oak seedlings planted together also had higher
mortality rates compared to other treatments. Any mortality experienced in the establishment
measurements was assumed to be due to planting stress or planting errors.
There were some increases in survival for some treatments between the establishment and
fall 2021 measurements. This could be due to seedlings dying back and resprouting. There was a
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decrease in survival overall in the follow-up measurements in the fall of 2021 at 88.5% with
individual treatment survival ranging from 79.4% to 97.3%. There was a significant difference in
survival rates in the fall measurements. The northern red oak treatments had much higher
mortality, with the northern red oak planted alone and with shortleaf pine having significantly
less survival than other treatments. The sweetgum seedlings planted alone and with northern red
oak and the southern red oak seedlings planted alone were significantly less likely to experience
mortality. Mortality in the fall measurements could still potentially be attributed to planting
stress, it would just be a delayed response. Mortality observed in the northern red oak treatments
could also be the result of heavy browsing pressure. Seedlings that have died could resprout from
the roots, and mortality due to harsh biotic or abiotic conditions could occur, meaning survival
by treatment could fluctuate. Mortality is likely not related to the overstory density, as plenty of
sunlight is able to pass through the canopy. In some plots, mortality was observed to be
potentially related to thick herbaceous vegetation. This would be more direct competition than
the loblolly overstory.
The survival of the sweetgum seedlings in this study was similar to the survival of
sweetgum seedlings in clearcut conditions (McNabb and Vanderschaff, 2004). The survival of
the northern red oak treatments, despite the losses experienced, was comparable and even
slightly better than the survival of northern red oak seedlings in studies with no overstory canopy
and partial overstory canopies (Granger et al., 2018; Zaczek et al., 1996). The survival of the
shortleaf pine seedlings in this study had slightly lower survival at establishment compared to a
similar study that admixed pines with white oak (Granger and Buckley, 2021). However, the
post-first growing season survival in this study exceeded the survival in the similar study.
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Overall, the seedling survival in this study is comparable or slightly better than the survival of
these species in clear-cut and partial-canopy conditions.
3.4.2

Relative Groundline Diameter Growth
Average relative diameter growth had a large range of values across treatments, with

significant differences in growth among the sweetgum and post oak treatments. The sweetgum
planted with post oak and the post oak planted with shortleaf pine significantly exceeded the
relative diameter growth of the other sweetgum and post oak treatments. These differences in
relative diameter growth among treatments do not align with the mortality or browsing pressure,
and the seedlings are not large enough for there to be direct interactions between species. These
differences could, however, be due to growth patterns and how the different species choose to
allocate photosynthates (Bradley and Will, 2017; Dickson et al., 2000). The average relative
diameter growth of the oaks in particular could be impacted browsing pressure. Trees typically
allocate photosynthates to respiration, then root and shoot growth, then height growth, and
finally diameter growth (Oliver and Larson 1996). Browsing reduces or eliminates the seedling’s
ability to photosynthesize, which then impacts the ability to produce carbohydrates needed to
grow in diameter (Erickson et al., 2017; Mcshea, 2012; Wakeland and Swihart, 2009). The
diameter growth of the shortleaf pine in this study performed similarly to similar studies
(Granger et al. 2022; Granger and Buckley, 2021). The diameter growth of the sweetgum
seedlings in this study exceeded the diameter growth of seedlings in open growth conditions in a
similar study (McNabb and Vanderschaaf, 2005).
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3.4.3

Deer Browsing Presence
According to a 2008 evaluation of deer populations, the deer density in Winston County,

Alabama is 15 to 30 deer per square mile (Walters, B.F. et al., 2016). The presence of deer
browse had a wide range during both measurement periods and was also significantly different
between treatments during both measurement periods. At establishment, the northern red oak and
sweetgum treatments in particular had high browsing presence, while shortleaf pine had very
little. In the fall 2021 measurements, northern, southern, and post oak had greater browsing than
the shortleaf pine and sweetgum treatments. The browsing experienced by the northern red oak
seedlings in both measurement periods in this study are greater than the browsing presence of
northern red oak seedlings reported in Granger et al., (2018).
Oaks, particularly northern red oak, are preferred browsing species, whereas pine is not,
meaning that deer will choose oak seedlings, even when other seedling species are available
(Wakeland and Swihart, 2009). Additionally, oaks can have more than one flush of leaves,
particularly when young, meaning that they would have new, more palatable leaves in the
summer as well as the spring where other species may not (Gaytán et al., 2022; Reich et al.,
1980). Due to these species differences, mixtures could potentially discourage browse,
particularly when mixing less palatable species with preferred species. This did not seem to
occur in the mixtures with shortleaf pine, but in the mixtures with sweetgum and the two red
oaks, there was a fairly large decline in browsing presence. The impacts of deer browse can be
long-lasting and include reduced growth and issues with form, as well as elimination of
regeneration in some more extreme cases (Blossey et al., 2019; Mcshea, 2012; Wakeland and
Swihart, 2009).
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3.5

Conclusion
The differences between species and treatments in diameter and height growth are most

easily explained by the browse pressure the oaks, particularly northern and southern red oaks,
experienced after establishment. On the small scale, browse could be prevented by fencing, but
on a large-scale deer are difficult to exclude, meaning seedlings will likely experience browse
until they die or grow past the browsing height of the deer. Other differences in diameter and
height growth appear to be due to species differences in growing patterns. In terms of survival,
the northern and southern red oaks seemed to suffer the highest mortality rates, but still
experienced an acceptable amount of survival, with most treatments having greater than 80%
survival. Beyond the immediate impacts of decreased height and loss of photosynthetic
capabilities, seedlings that experience browsing pressure could also experience reduced growth
over the long-term, making them less vigorous and competitive than their neighbours. It is too
early to see any of the mixture benefits at the seedling level, as the seedlings are too small to
interact. The overstory does not appear to be repressing seedling growth and survival currently,
but as the canopy closes seedlings could begin to stagnate in low light conditions. Considering
the high seedling survival, underplanting of seedlings is a viable option for non-industrial private
forest landowners, but red oaks may be a less optimal option to plant where deer densities are
high, unless they are planted with another, less palatable species like sweetgum.
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CHAPTER IV
CONCLUSIONS
4.1

Introduction
Non-industrial private forest landowners face a host of challenges, including increasing

land parcelization, low stumpage prices, difficulties hiring contractors due to cost or land size,
and high silviculture costs. Additionally, there has been a push by some private landowners to
seek forest management and silviculture practices that address concerns about sustainability and
the changing climate. Both studies presented in this thesis attempt to address some of the
concerns and goals expressed by this diverse group of landowners.
4.2

Crown lifting of low-density loblolly pine (Pinus taeda) plantations on non-industrial
private forest lands
The objective of the crown lifting study was to gain insight into whether pruning intensity

and low stand density impact rapid sawtimber production. In examining the change in height and
diameter within this study, it was determined that low stand density did indeed have an impact
on diameter growth. Crown lifting had little impact on height or diameter growth. However,
crown lifting did produce knot-free logs. The earlier crown lifting is implemented, the more time
trees have to produce knot-free wood, producing higher value products. This, paired with low
density, produces larger logs with fewer knots in less time. Many NIPF landowners have small
land parcels that make it difficult to financially justify multiple logging entries. This can make it
difficult to implement a thinning operation, leading to stagnation in densely established stands
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and leads to a loss of production. Eventually, this could lead to poor stand health and increase its
susceptibility to pests and pathogens, creating a further loss of investment. Considering the
results of this study, landowners with already planted stands could implement a heavy thin if
possible and then implement crown lifting if necessary. For landowners interested in planting
pine on a small scale, they could plant at low densities and begin crown lifting early.
Landowners should be encouraged to prune up to the first log (17 feet above the ground), while
maintaining a live-crown ratio of at least 33%. Pruning can be done by hand if the stand size is
small enough. If implemented successfully, this combination of low-density and crown lifting
may permit landowners with small parcel sizes the ability to produce timber products that are
valuable enough to offset logging costs and make these parcels more attractive to loggers. This
could allow these landowners to gain more revenue from their investments compared to more
traditional pine plantation management that involves multiple entries for thinning.
4.3

Novel silviculture practices for managing mixed-species stands for non-industrial
private forest landowners
The first objective within the mixed-species study was to determine the planting success

of mixed-species artificially regenerated under an established loblolly pine canopy. The growth
of the different species and planting treatments was also examined to determine which species or
mixture of species would perform best. Finally, the impacts of deer browsing on species planted
was also investigated. There was some significance in diameter and height growth across the
various species and treatments, primarily due to different growth patterns and the impacts of deer
browsing. The lowest seedling survival for a single treatment was 76%, with most treatments
having at least 80% survival. This is considered good survival and could be acceptable stocking
depending upon the species and landowner goals. The lower survival values were associated with
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heavy deer browsing pressure. The deer presence seemed to have some of the most important
impacts on seedling survival and growth. The impacts from the deer browsing could also have
longer lasting effects relating to tree growth rates and long-term form. These initial
measurements did not examine tree form, but this could be incorporated into future
measurements and could be important before recommending this management option to regional
landowners and managers.
These preliminary results are encouraging. Survival was high enough to indicate
underplanting could be an effective method of creating two-aged, mixed-species stands for nonindustrial private forest landowners. One concern with this sort of planting is the cost of
seedlings, which is exacerbated by the purchasing of hardwood seedlings, and the more difficult
planting process, which can increase the cost of hiring planting crews. This could limit NIPF
landowners’ ability to implement this sort of planting unless they have sufficient funds or can
obtain funds through a cost-share program or government program to support the additional
investment. Despite the costs, the survival of these seedlings does mean that underplanting could
potentially meet the goals of landowners interested in increasing forest biodiversity and
improving wildlife habitat while still maintaining their original pine plantation investment. The
deer presence is of greatest concern to landowners interested in implementing this sort of
planting activity. Landowners could avoid the negative impacts of deer browsing by planting less
favored browse species. This would, however, mean planting fewer oaks, particularly red oaks,
which would eliminate some of the wildlife values gained by planting such hard mast producing
species. Other potential solutions include simply planting more oaks to compensate for losses or
planting fewer oaks and protecting them with deer exclosures. However, it may simply be a loss
landowners have to be willing to accept if undertaking this planting method.
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4.4

Conclusions
Overall, both of these projects successfully demonstrate some novel silvicultural

techniques that NIPF landowners can use to meet shifting goals and an ever-changing world.
These options, while potentially labor and capital intensive, can allow landowners to achieve
gains they might not have realized otherwise. Both options allow landowners that have invested
or hope to invest in traditional pine management opportunities to shift to options that better align
with their individual circumstances, constraints, and ownership goals.
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